Conservative change to the phosphate moiety of cyclic diguanylic monophosphate remarkably affects its polymorphism and ability to bind DGC, PDE, and PilZ proteins.
The cyclic dinucleotide c-di-GMP is a master regulator of bacterial virulence and biofilm formation. The activations of c-di-GMP metabolism proteins, diguanylate cyclases (DGCs) and phosophodiesterases (PDEs), usually lead to diametrically opposite phenotypes in bacteria. Analogues of c-di-GMP, which can selectively modulate the activities of c-di-GMP processing proteins, will be useful chemical tools for studying and altering bacterial behavior. Herein we report that a conservative modification of one of the phosphate groups in c-di-GMP with a bridging sulfur in the phosphodiester linkage affords an analogue called endo-S-c-di-GMP. Computational, NMR (including DOSY), and CD experiments all reveal that, unlike c-di-GMP, endo-S-c-di-GMP does not readily form higher aggregates. The lower propensity of endo-S-c-di-GMP to form aggregates (as compared to that of c-di-GMP) is probably due to a higher activation barrier to convert from the "open" conformer (where the two guanines are on opposite faces) to the "closed" conformer (where the two guanines are on the same face). Consequently, endo-S-c-di-GMP has selectivity for proteins that bind monomeric but not dimeric c-di-GMP, which form from the "closed" conformer. For example, endo-S-c-di-GMP can inhibit the hydrolysis of c-di-GMP by RocR (a PDE enzyme that binds monomeric c-di-GMP) but did not bind to Alg44 (a PilZ protein) or regulate WspR (a DGC enzyme that has been shown to bind to dimeric c-di-GMP). This work demonstrates that selective binding to different classes of c-di-GMP binding proteins could be achieved by altering analogue conformer populations (conformational steering). We provide important design principles for the preparation of selective PDE inhibitors and reveal the role played by the c-di-GMP backbone in c-di-GMP polymorphism and binding to processing proteins.